Introduction
The fluid mosaic membrane model that was proposed about 30 years ago emphasized the free mobility of membrane proteins in the plane of the membrane (Singer and Nicolson, 1972) . Since then, it was found that many membrane proteins are not completely free to diffuse in the plane of the lipid bilayer. They may be retarded in their lateral diffusion or completely immobilized through interactions with cytoskeletal elements, with extracellular matrix proteins, or by becoming a part of large oligomeric arrays. These insights were gained, at least in part, through biophysical methods, including fluorescence recovery after photobleaching (FRAP) (Jacobson et al., 1995; Lippincott-Schwartz et al., 2001) . The rate of fluorescence recovery can be used to calculate an effective diffusion constant (D eff ) for the mobile fraction of the GFP-tagged structure (Lippincott-Schwartz et al., 1999) , because the diffusion of integral membrane proteins in the lipid bilayer decreases with the natural logarithm of the radius of the diffusing molecule (Marguet et al., 1999; Vaz et al., 1982) . Incomplete recovery indicates the presence of an immobilized fraction of the tagged molecules.
The rough endoplasmic reticulum (ER) is the site where transmembrane or secretory proteins are made on polysomes attached to ER membranes. The attachment of individual ribosomes to the ER membrane is mediated by a complex molecular apparatus with Sec61p at its core (Clemons, et al., 2004; Gilmore, 1993; Rapoport et al., 1996) , that effects the signal sequence-mediated targeting, co-translational translocation and processing of nascent polypeptide chains (Gilmore, 1993; Rapoport et al., 2004; Sabatini and Adesnik, 1995; Walter and Johnson, 1994) . We will refer to this functional entity as the translocon complex (TC). Overall, the inactive TC alone is comprised of more than 20 polypeptides, including the subunits of the oligosaccharyltransferase (OST) (Johnson and van Waes, 1999; Nilsson et al., 2003; Rapoport et al., 1996) . The molecular mass of the TC totals approximately 950 kDa and, all together, it may contain up to 78 transmembrane domains (TMDs) (Johnson and van Waes, 1999; Nilsson et al., 2003; Rapoport et al., 1996) (see also, Calculation of the sizes of translocon assemblies, in Materials and Methods). Evidence for the size and composition of the TC comes also from recent structural studies on membranebound ribosomes isolated under conditions that preserve their interaction with the TC, showing an overall diameter of the TC of about 125 Å (Menetret et al., 2000) . An active TC carries a ribosome (250 Å in diameter), which has a molecular mass of about 5000 kDa and may also be associated with other cytosolic factors (McCallum et al., 2000; Rapoport et al., 1996; Walter and Johnson, 1994; Wiedmann et al., 1994) . For an active TC, this would result in a mass of about 7500 kDa, with an additional 500 kDa contributed by each 1 kb of mRNA. If active TCs organized into a polysome that synthesizes a protein of 20 kDa, the structure would have the molecular mass of more than 37,000 kDa and would have at least 390 TMDs. The molecular mass and number of TMDs will proportionally increase with the size of the protein encoded by the mRNA.
Microtubules are frequently seen in close proximity to membranes of the endoplasmic reticulum (ER), and the membrane protein CLIMP-63 is thought to mediate specific interaction between these two structures. It was, therefore, of interest to investigate whether these microtubules are in fact responsible for the highly restricted lateral mobility of the translocon complexes in M3/18 cells as described before. As determined by fluorescence recovery after photobleaching, the breakdown of microtubules caused by drug treatment or by overexpression of the microtubule-severing protein spastin, resulted in an increased lateral mobility of the translocons that are assembled into polysomes. Also, the expression of a CLIMP-63 mutant lacking the microtubule-binding domain resulted in a significant increase of the lateral mobility of the translocon complexes. The most striking increase in the diffusion rate of the translocon complexes was observed in M3/18 cells transfected with a siRNA that effectively knocked down the expression of the endogenous CLIMP-63. It appears, therefore, that interaction of microtubules with the ER results in the immobilization of translocon complexes that are part of membrane-bound polysomes, and may play a role in the mechanism that segregates the rough and smooth domains of the ER.
Such a large structure exposed to the cytosol might be subjected to considerable friction that would impede its lateral diffusion.
We have recently described M3/18 cells expressing GFPDad1 fusion protein, which is functionally incorporated into the OST as one of the subunits of this complex (Nikonov et al., 2002) . We have demonstrated that the lateral mobility of active TCs in the plane of the ER membrane is about seven times lower than that of the highly mobile GFP-tagged lamin B receptor (LBR-GFP). These results provided the first direct evidence that the lateral mobility of TCs in the ER membranes of the living cells is severely impaired. Assuming that the restricted mobility is only caused by friction of TMDs with the lipid bilayer, the TCs would have to be organized into very large rafts. Since large contiguous rough ER domains are characteristics of highly specialized secretory cells, and are not seen in M3/18 cells, one has to assume that the calculated diffusion constant for the TCs can not reflect only interactions of the transmembrane domains of the TCs with the lipid bilayer. Therefore, their immobilization may also be due to interactions of active TCs with cytoplasmic or lumenal proteins and structures.
Several proteins potentially mediate interactions of microtubules and the ER membranes (Amarilio et al., 2005; Andrade et al., 2004) . Particularly, it has been shown that CLIMP-63, a rough-ER-specific transmembrane protein (Schweizer et al., 1995) , can interact with microtubules via its cytosolic domain (Klopfenstein et al., 1998) and probably MAP2 (Farah et al., 2005) . Moreover, the lumenal domain of CLIMP-63 (also known as CKAP4, cytoskeleton-associated protein 4) promotes the oligomerization and almost complete immobilization of this protein in the plane of the ER membrane (Klopfenstein et al., 2001 ). It has also been shown that overexpression of certain CLIMP-63 mutants resulted in rearrangements and co-alignments of the ER membranes with microtubules in COS-1 cells (Vedrenne et al., 2005) . Here, we present results, indicating that these cytoskeletal elements play indeed a role in restricting the lateral mobility of TCs in the ER membranes.
Results
We have previously demonstrated that the GFP-Dad1 fusion protein stably expressed in M3/18 cells is quantitatively and functionally incorporated into the OST and, therefore, it can be used as a reporter molecule for the lateral mobility of the TCs (Nikonov et al., 2002) . As determined by FRAP, the lateral mobility of GFP-Dad1-tagged TCs was much more restricted than expected from its estimated size. In the experiments shown here, FRAP analysis was performed on M3/18 cells essentially as described earlier (Nikonov et al., 2002) , except that all experiments were carried out using the environmental chamber (Zeiss) with a heated (39.5°C) stage set and by supplying humidified air containing 10% CO 2 .
In our previous FRAP experiments done at room temperature, we reported the diffusion coefficient for LBR-GFP fusion protein to be D eff =0.331 m 2 /second (Nikonov et al., 2002) . As expected, the lateral mobility for LBR-GFP was slightly higher at 39.5°C (D eff =0.391 m 2 /second) ( Table 1 ). The new value of the diffusion constant for LBR-GFP fusion protein is in good agreement with results reported by others (Ellenberg et al., 1997 (Nikonov et al., 2002) . The new data confirmed our earlier findings that the lateral mobility of the TCs is severely restricted in M3/18 cells. The treatment of cells with cycloheximide (CHX), resulting in the inhibition of protein synthesis at the stage of polypeptide elongation, had no significant effect on the lateral mobility of the GFP-Dad1 construct (D eff =0.070 m 2 /second), indicating that the mobility of the TCs was not affected by this treatment (Table 1) . To exclude that CHX affects the mobility of membrane proteins unspecifically, BHK-21 cells expressing LBR-GFP were treated with the same concentration of the drug. In FRAP experiments, no significant difference was detected in the lateral mobility of this GFP-tagged , Radius values and number (n) of TCs in TC assemblies, obtained under experimental conditions where microtubules remained intact. Radius values are therefore expected to be much higher than the actual size of the TC assemblies owing to the contribution of microtubules that interfere with the free diffusion TCs. See also Materials and Methods for a more detailed explanation related to these calculations. of the cells with puromycin, which causes termination of protein synthesis and disassembly of polysomes (Adelman et al., 1973; Vazquez, 1974) , resulted in an almost threefold increase in the diffusion rate of the TCs (D eff =0.165 m 2 /second). Readout of polysomes in M3/18 cells caused by adding NaCl to a final concentration of 300 mM to the growth medium (Saborio et al., 1974; Wengler, 1972) led almost to the same increase in lateral mobility of the TCs (D eff =0.144 m 2 /second) as that observed in the cells treated with puromycin alone (Table 1) . However, pretreatment of the cells with CHX before raising the NaCl concentration to 300 mM abolished the effect of elevated NaCl concentration on the lateral mobility of the TCs (D eff =0.073 m 2 /second). This may be expected because CHX-pretreatment prevents the polysomal read-out caused by elevated NaCl concentrations.
Nocodazole treatment of M3/18 cells results in an increased lateral mobility of the TC One of the possible explanations for the reduced lateral mobility of the TCs in M3/18 cells is that the TCs are organized into rafts that define the rough domain of the ER. In addition, the free diffusion of active TCs can be hindered through nonspecific interactions with cytoskeletal elements positioned in close proximity to the ER membrane that may have a specific role in organizing the rough domain of the ER. To test this notion, we performed FRAP experiments on M3/18 cells treated with drugs that affect the integrity of the cytoskeleton. Latrunculin B, a compound isolated from the Red Sea sponge Latrunculia magnifica, effectively depolymerizes microfilaments (Spector et al., 1989; Wakatsuki et al., 2001) . Treatment of M3/18 cells with latrunculin B (10 M for 2 hours) had no effect on the lateral mobility of the TCs (D eff =0.061 m 2 /second), indicating that actin filaments are not involved in stabilization of the rough domain of the ER (Table 1) . However, incubation of the cells with nocodazole (33 M for 4 hours), a microtubuledepolymerizing drug, resulted in an increase of the lateral mobility of GFP-Dad1 (D eff =0.104 m 2 /second), suggesting that microtubules plays a role in the immobilization of TCs. The addition of puromycin to nocodazole-pretreated cells resulted in even faster diffusion of the TCs (D eff =0.158 m 2 /second), which was the same as that observed in cells treated with puromycin alone (D eff =0.165 m 2 /second; Table  1 ). We have shown previously that puromycin treatment does not affect the lateral mobility of LBR-GFP (Nikonov et al., 2002) . Here, we show that nocodazole treatment also does not affect the diffusion coefficient of this GFP-tagged membrane protein (D eff =0.385 m 2 /second; Table 1 ). One might expect that, if microtubules, which are highly dynamic structures, play a role in the immobilization of TCs, their stabilization has no effect on the lateral diffusion of TCs or might even reduce it. Taxol has been shown to stabilize microtubules by promoting polymerization of tubulin subunits in vitro (Schiff et al., 1979) and in living cells (Yvon et al., 1999) . However, we have observed a slight but statistically significant increase in the lateral mobility of TCs in taxol-treated M3/18 cells (D eff =0.079 m 2 /second; Table 1 ). One possible explanation for this observation is that taxol treatment causes individual microtubules to form thick bundles (Jordan et al., 1993) , which in turn may reduce the density of microtubules located in close proximity to the ER.
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Expression of the microtubule-severing ATPase spastin in M3/18 cells accelerates the lateral mobility of the TCs The increased lateral mobility of GFP-Dad1 observed in M3/18 cells treated with nocodazole suggested that the state of assembly of microtubules affects the lateral mobility of the TCs. Although no inhibitory effect of nocodazole on protein synthesis had been observed (Rennison et al., 1992) , one may argue that unspecific side effects of this drug could have caused the observed results. Therefore, we expressed the microtubulesevering protein spastin, also know as SPG4 (Ogura and Wilkinson, 2001) , in M3/18 cells and studied its effects on the mobility of the TCs. According to recent studies, wild-type SPG4 (wtSPG4) binds specifically to microtubules and effectively breaks them down, whereas an inactive mutant (NK#1) binds microtubules but leaves them intact (Evans et al., 2005) . In order to identify transfected M3/18 cells to be analyzed by FRAP experiments, we expressed fusion proteins where the C-terminus of the monomeric red fluorescent protein (DRM) precedes the N-termini of wtSPG4 or NK#1. The fusion proteins were named DRM-wtSPG4 and DRM-NK#1, respectively. The cellular localization of these fusion proteins and their effect on the microtubules were visualized by immuno-fluorescent microscopy in COS-1 cells. These cells, in contrast to M3/18 cells, are rather flat and allow patterns of microtubules to be more easily demonstrated. DRM-wtSPG4 expressed in COS-1 cells has a characteristic punctate cellular localization (Fig. 1b) . Moreover, the expression of DRMwtSPG4 in COS-1 cells led to an almost complete breakdown of microtubules (Fig. 1a-c) , while DRM-NK#1 expressed in the same cell line, primarily decorated microtubules ( Fig. 1e ) without causing their breakdown ( Fig. 1d-f ). Our data on the localization and the effect of these two fusion proteins on microtubules are similar to those reported for the GFP-tagged wtSPG4 and NK#1 fusion proteins (Evans et al., 2005) , confirming that substitution of the GFP tag for DRM did not affect the biological properties of the proteins.
In order to determine the effect of spastin on the lateral mobility of the TCs, M3/18 cells were transfected with the recombinant plasmids encoding the DRM-wtSPG4 or DRM-NK#1 constructs. The following day, lateral mobility of the stably expressed GFP-Dad1 was measured in transfected cells. It was found that expression of the DRM-wtSPG4 fusion protein was accompanied not only by microtubule breakdown (Fig. 1a) , but also by an increase in the lateral mobility of the TCs (D eff =0.125 m 2 /second; Table 1 ). However, the lateral mobility of the TCs remained unchanged at D eff =0.058 m 2 /second (Table 2) in cells expressing the DRM-NK#1 construct, which does not affect the state of microtubules ( Fig. 1d-f) .
Effects of the expression of CLIMP-63 related fusion proteins on the lateral mobility of the TCs in M3/18 cells It has been shown previously that some microtubules are located in close proximity to the ER membranes (Marsh et al., 2001) . Furthermore, these cytoskeletal elements interact with the cytosolic domain of CLIMP-63, a type II transmembrane protein that resides in the ER (Klopfenstein et al., 1998) . Moreover, the lumenal domain of CLIMP-63 has the ability to form oligomers and the wild-type protein is practically immobilized by forming a network in the plane of the ER membrane. The diffusion coefficient for this GFP-tagged protein was calculated to be even lower (D eff =0.015 m 2 /second) (Klopfenstein et al., 2001 ) than that for the TCs. Therefore, it was of interest to see whether overexpression of the wild-type CLIMP-63 and of several deletion mutants have an effect on the lateral mobility of TCs in M3/18 cells. The expression and functionality of GFP-tagged wild-type CLIMP-63 and its deletion mutants have been characterized previously (Klopfenstein et al., 2001 ). An important finding of this work was that the GFP tag does not interfere with the biological functions of CLIMP-63. To identify in M3/18 cells the transiently expressed CLIMP-63-related constructs we replaced the GFP tag in the previously described CLIMP-63 fusion proteins with the DRM tag to distinguish it optically from GFP-Dad1. In all, we made four DRM-tagged CLIMP-63 related deletion constructs: p63-DRM, ⌬Lp63-DRM, DRM-⌬Cp63 and ⌬TLp63-DRM. Schematic representations of these constructs are shown in Fig. 2A . M3/18 cells were transiently transfected with these constructs, and western blot analysis demonstrated that each of the constructs can be expressed in M3/18 cells and the expressed fusion proteins had the predicted electrophoretic mobility (Fig. 2B) .
The intracellular localization of these DRM-tagged constructs expressed in M3/18 cells was visualized by fluorescent microscopy (Fig. 3) . In the p63-DRM fusion protein, the Cterminus of the wild-type human CLIMP-63 was fused with the N-terminus of DRM ( Fig. 2A) . Like the GFP-tagged CLIMP-63 expressed in COS-1 cells (Klopfenstein et al., 2001) , the DRMtagged construct expressed in M3/18 cells has the typical ER localization, with a fine reticular network permeating the entire cytoplasmic compartment (Fig. 3b) . Moreover, GFP-Dad1 stably expressed in M3/18 cells (Fig. 3a) colocalized with p63-DRM (Fig. 3c) . The ⌬Lp63-DRM fusion protein, where the luminal domain of CLIMP63 was replaced by the DRM tag ( Fig. 2A) , can still bind to microtubules. However, it can no longer form oligomers in the plain of the ER membranes (Klopfenstein et al., 2001) . As may be expected from results obtained with the GFPtagged deletion construct (Klopfenstein et al., 2001 ), ⌬Lp63-DRM expressed in M3/18 cells also colocalized with GFP-Dad1 ( Fig. 3d-f ). In the DRM-⌬Cp63 construct, the cytosolic microtubule-binding N-terminal domain of CLIMP63 was substituted by the DRM tag ( Fig. 2A) . Therefore, this fusion protein lacks the ability to bind microtubules while retaining the ability to form the oligomers (Klopfenstein et al., 2001) . It also co-localizes with GFP-Dad1 (Fig. 3i) , and it appears that at least a part of the overexpressed DRM-⌬Cp63 is integrated throughout the ER into the spatial network formed by endogenous CLIMP-63, thus reducing overall the density of microtubule-binding sites. However, a significant amount of this fusion protein was concentrated in the perinuclear region (Fig.  3h) , which was not the case for GFP-Dad1 (Fig. 3g) . As expected, a soluble fusion protein ⌬TLp63-DRM, in which the DRM tag was fused to the cytosolic microtubule-binding domain of CLIMP-63 ( Fig. 2A) , had a cytosolic and nuclear localization, and did not colocalize with GFP-Dad1 (Fig. 3j-l) . A similar localization pattern was observed for the soluble DRM, expressed in M3/18 cells ( Fig. 3m-o) .
The lateral mobility of the GFP-Dad1-tagged TCs was determined in M3/18 cells expressing the DRM-tagged CLIMP-63-derived constructs using the FRAP technique. The expression of p63-DRM in M3/18 cells did not affect the lateral mobility of the TCs (D eff =0.063 m 2 /second in transfected cells versus D eff =0.060 m 2 /second in control cells; Table 2 ). Also, transfection of M3/18 cells with the plasmids encoding ⌬Lp63-DRM or DRM had no effect on the lateral mobility of the TCs. The D eff values for the TCs in the cells expressing these constructs were 0.059 m 2 /second or 0.053 m 2 /second, respectively (Table 2) . However, expression of the DRM-⌬Cp63 fusion protein resulted in a statistically significant increase of the lateral mobility of the TCs from D eff =0.060 m 2 /second in control cells to 0.088 m 2 /second in cells expressing the deletion construct (P=0.001, Table 2 ). Expression of the soluble fusion protein containing only the microtubule binding domain, ⌬TLp63-DRM, resulted in an even greater increase of the diffusion coefficient of the TCs (D eff =0.098 m 2 /second; Table 2 ). It is interesting that the level of
Journal of Cell Science 120 (13) ⌬TLp63-DRM expression was much higher than that of DRM-⌬Cp63 as judged from the western blotting results (Fig. 2B) . The high level of expression and the solubility of ⌬TLp63-DRM may have resulted in the preferential binding of microtubules to this constructs rather than to the endogenous CLIMP-63, thus reducing the density of the microtubules attached to the ER. In order to assess the possible effects of overexpressed membrane proteins, such as CLIMP-63, on the lateral mobility of LBR-GFP, we coexpressed p63-DRM and LBR-GFP in BHK-21 cells. We did not observe changes in the lateral mobility of LBR-GFP (D eff =0.391 m 2 /second) compared with those in control cells (Table 2) .
Knock-down of CLIMP-63 by siRNA increases the lateral mobility of the TCs in M3/18 cells Overexpression of the DRM-⌬Cp63 construct, which lacks the microtubule binding domain, resulted in some increase of the lateral mobility of the TCs in M3/18 cells. This limited effect may be due to the fact that overexpression of this construct did not eliminate completely the microtubule-binding sites in the ER. Instead, the microtubule binding sites were merely 'diluted' by the interspersed CLIMP-63 construct lacking the microtubule binding domain. If this argument were correct, a knock-down of the endogenous CLIMP-63 expression would lead to an even higher lateral mobility of the TCs. Therefore, we used RNA interference (RNAi) to silence expression of CLIMP-63 in M3/18 cells. Three small interfering RNAs (siRNAs) were designed. The first two, siRNA#1 and siRNA#2, were manually selected from conserved regions of the CLIMP-63 nucleotide sequence using the BLOCK-iT TM RNAi Designer Computer Program (Invitrogen). The third one (siRNA#3), a SIGenome Smart pool reagent, was designed by Dharmacon. M3/18 cells were transfected with siRNA using the Amaxa nucleofection system. Cells were collected 4 days after nucleofection and samples were subjected to western blot analysis. Transfection of M3/18 cells with siRNA#1 and siRNA#2 resulted in essentially complete knock-down of CLIMP-63 (Fig. 4A, lanes 1 and 2) . However, transfection with siRNA#3 did not seem to have an effect on CLIMP-63 expression (Fig. 4A, lane 3) , because expression levels remained similar to those of mock-transfected and untreated cells (Fig. 4A, lanes 4 and 5, respectively) . Knock-down of CLIMP-63 using siRNA#1 and siRNA#2 seemed specific because it had no effect on the expression of two other ER proteins calnexin and ribophorin I (Fig. 4A) .
The effectiveness of CLIMP-63 knock-down was also assessed by immunofluorescence microscopy. M3/18 cells mocktransfected (Fig. 4Ba-c) or transfected with siRNA#2 ( Fig. 4Bd-f ) were fixed and stained with an anti-CLIMP-63 rabbit polyclonal antibody (pAb) on day one, 3 or 5 days after transfection. After 1 day, immunostaining of the mock-transfected cells revealed a typical ER pattern (Fig. 4Ba) . The intensity of the staining was similar to that of untreated cells (data are not shown), and the CLIMP-63 staining patterns or the intensity of the ER staining did not change in cells 3 or 5 days after transfection (Fig. 4b or c,  respectively) . At 1 day after transfection with siRNA#2, ER localization of CLIMP-63 was still seen, although, the staining intensity was substantially lower than in control cells (Fig. 4Bd) . Knock-down of CLIMP-63 with siRNA had no effect on the lateral mobility of the ER membrane protein LBR-GFP.
At 3 days after nucleofection with siRNA#2, immunostaining intensity was greatly reduced (Fig. 4Be) and ER staining was even further reduced on day 5 (Fig. 4Bf) .
Taken together, the results obtained by western blot analysis and fluorescence microscopy suggested that siRNA#1 and siRNA#2 are able to greatly reduce the expression of CLIMP-63 in M3/18 cells. Cells were transfected with siRNA#2 and used on day 4 after transfection for FRAP experiments. FRAP analysis of untreated M3/18 cells, performed independently of the experiments presented in Tables 1 and 2 , confirmed earlier findings that the TCs are diffusing slowly (D eff =0.063 m 2 /second) (Fig. 4C) . The lateral mobility of the TCs in mocktransfected cells was similar to that in untreated cells (D eff =0.067 m 2 /second), suggesting that nucleofection itself does not affect the lateral mobility of the TCs (Fig. 4C) . However, the knockdown of CLIMP-63 expression in M3/18 cells led to a significant increase in the lateral mobility of the TCs, with D eff values increasing from 0.067 m 2 /second in mock-transfected cells to 0.137 m 2 /second in the cells transfected with siRNA#2 (Fig.  4C) . One may argue that the knock-down of CLIMP-63 in itself could increase the lateral mobility of the ER proteins because the the ER membrane is less crowded by membrane proteins. Therefore, 2 days after nucleofection of BHK-21 cells with anti-CLIMP-63 siRNA, cells were transfected with the plasmid DNA encoding LBR-GFP. After 1 or 2 days, cells expressing LBR-GFP were subjected to FRAP analysis. The calculated D eff value for LBR-GFP in these cells remained similar to that in control cells (Fig. 4) .
Discussion
Ultrastructural studies on certain secretory cells have demonstrated a sharp transition between the rough and smooth ER, which are part of a continuous membrane system but represent morphologically and functionally distinct domains (Borgese et al., 2006; Fawcett, 1966; Shibata et al., 2006; Voeltz et al., 2002) . It has also been shown that membrane-bound polysomes are arranged in regular figures (Christensen and Bourne, 1999; Christensen et al., 1987) . Moreover, when rough microsomes were solubilized with non-ionic detergents, curved membrane remnants were obtained, in which ribosomes were attached to a proteinaceous fibrillar meshwork that was insensitive to RNase treatment (Kreibich et al., 1978; Marcantonio et al., 1982) . All these experimental data suggested that TCs are not able to defuse freely in the plane of the ER membrane. Our recent FRAP experiments on M3/18 cells demonstrated that the diffusion rate of the TCs is indeed very low (Nikonov et al., 2002) . However, ribosome-size dextran particles are highly mobile in protein solutions with concentrations similar to those found in the cytoplasm (Bierer et al., 1987; Lippincott-Schwartz et al., 2001; Zhang et al., 1991) , suggesting that the friction of membrane-bound ribosomes with soluble cytoplasmic proteins does not significantly contribute to the TC immobilization. These findings prompted us to hypothesize that TCs are organized into large rafts by direct or indirect interactions among the TCs and/or with other components of the ER or cytoplasm. The organization of the TCs into raft-like assemblies might provide a more efficient environment for protein synthesis on membrane-bound polysomes (Sabatini and Kreibich, 1976) . This notion is supported by experiments, showing that the Journal of Cell Science 120 (13) induction of amylase synthesis in AR42J cells by dexamethasone treatment resulted in a striking rearrangement of the rough ER from a tubulo-vesicular configuration into stacks of cisternae without an increase in the number of membrane-bound ribosomes (Rajasekaran et al., 1993) .
The results obtained by the FRAP experiments described here confirm our previous findings that the lateral mobility of the TCs is severely restricted (Table 1) . Here, we have shown that depolymerization of microtubules by nocodazole treatment of the cells increased the diffusion rate of the TCs (Table 1) . Our interpretation of the drastic changes in the diffusion coefficient caused by the depolymerization of microtubules is that the slow diffusion of TCs in untreated control cells is mainly due to the restrictions imposed on the lateral mobility of these large oligomeric structures by intact microtubules. Overexpression of spastin, a microtubulesevering protein, also increased the lateral mobility of TC assemblies, resulting in a calculated size that corresponds to about 27 TCs. This aggregation size might still be artificially high due to interactions of TCs with some remaining, not completely depolymerized microtubules (Table 2 and Fig. 1a ). It appears, therefore, that depolymerization of microtubules affects the lateral mobility of TCs by dissolving the diffusion barriers membrane-bound polysomes. This notion is supported by the findings that the elaborate network of tubules and cisternae of the ER is stabilized by microtubules (Dabora and Sheetz, 1988; Storrie et al., 1998; Dreier and Rapoport, 2000) . Furthermore, the ultrastructural reconstructions of the 3D arrangement of cellular organelles showed that microtubules are, in fact, in very close proximity to ER membranes (Marsh et al., 2001) . Our finding that treatment of M3/18 cells with the microtubule-stabilizing drug taxol resulted in a significant increase of the diffusion rate of the TCs (Table 1) seems to be somewhat paradoxical. A possible explanation is provided by the observation that treatment of HeLa cells with taxol resulted not only in an increase of microtubule mass (Jordan et al., 1993) , but microtubules also undergo major rearrangements by forming the bundles (Jordan et al., 1993; Yvon et al., 1999) resulting in microtubule-free zones (Schiff and Horwitz, 1980) . It should be noted, however, that the calculated size of the TC assemblies in taxol-treated cells was still significantly larger than those in cells treated with nocodazole or expressing the DRM-wtSPG4 construct (Tables 1 and 2 ). Our data also show that, unlike microtubules, the state of actin filament assembly had no effect on the immobilization of the TCs, because the diffusion coefficient and the calculated size of the TC rafts remained unchanged, when M3/18 cells were treated with latrunculin B (Table 1) .
The rough-ER-specific membrane protein CLIMP-63 tethers microtubules to the ER (Farah et al., 2005; Vedrenne et al., 2005) and might, therefore, play a major role in mechanisms that affect the lateral mobility of membranebound polysomes. Homotypic interactions among the large lumenal domains of CLIMP-63 promote its oligomerization and thus the formation of a network at the luminal face of ER membranes, FRAP analysis has shown that this membrane protein is practically immobilized (D eff =0.015 m 2 /second) (Klopfenstein et al., 2001) . The cytoplasmic domain of this type II transmembrane protein carries a microtubule-binding domain (Klopfenstein et al., 1998) . Overexpression of CLIMP-63 had no effect on the lateral mobility of TCs in M3/18 cells, indicating that new microtubule-binding sites might not promote additional binding of microtubules to the ER. A possible explanation is that the amount of MAP2-like proteins, which may mediate the binding of microtubules to CLIMP-63 (Farah et al., 2005; Vedrenne et al., 2005) , is limited, thus leaving some ER-microtubule-binding sites empty. However, expression of the DRM-⌬Cp63 fusion protein resulted in a significant increase in the lateral mobility of the TC (from D eff =0.060 m 2 /second to D eff =0.088 m 2 /second), which corresponds to a reduction of the apparent size of the TC assemblies (Table 2 ). This increase in the diffusion rate of the TCs was less pronounced than that seen after treatment of the cells with nocodazole. This might be because endogenous CLIMP-63 is a very stable protein (with a half life of about 24 hours) and was still expressed in these cells. Therefore, the density of endogenous CLIMP-63 in the ER membrane might only be reduced by the overexpressed DRM-⌬Cp63 construct and, unlike in nocodazole-treated cells, some microtubules are expected to be still attached to the ER in DRM-⌬Cp63-transfected cells. Knock-down of CLIMP-63 expression by using siRNA and elimination of the ER-microtubule-binding sites provided by this protein, resulted in a substantial increase of the lateral mobility of the TCs from D eff =0.067 m 2 /second to D eff =0.137 m 2 /second (Fig. 4C) . The apparent size of the TC assemblies in cells transfected with siRNA#2 was reduced to the size of a small polysome (Fig. 4) . These findings further support the notion that microtubules might play a role in restraining the lateral mobility of active TCs. Tables  1 and 2 ). Breakdown of microtubules reduced the calculated size of TC assemblies, which in untreated cells appeared as artificially large surface areas, to the size of large polysomes in nocodazoletreated cells (Table 1) . We would like to stress that the large size of TC assemblies obtained in our calculations for untreated cells is mainly owing to the fact that the equation used takes into account only friction of the transmenbrane domains of the TCs with the lipid bilayer. The impediment in the free lateral mobility due to interactions of microtubules with TCs results in the artificially large calculated sizes of the TC assemblies. In NaClor puromycin-treated cells, which have an intact network of microtubules, calculated sizes of the TC assemblies were reduced to the size of individual TC (Table 1) . A small, single-membranespanning protein, such as LBR-GFP is not affected by the nocodazole-mediated disassembly of microtubules, indicating that the drug treatment itself does not affect the diffusion properties of membrane proteins. It appears, therefore, that large assemblies, such as polysomes, were restraint in their mobility by intact microtubules, whereas small membrane proteins or even large multi-subunit complexes, such as single TCs, essentially diffused according to their calculated diffusion coefficient, when only friction of transmembrane domains with the lipid bilayer is considered. It is interesting to note that treatment of M3/18 cells with puromycin or NaCl resulted in a reduction of the translocon assemblies to the size of an individual TC. An interpretation of these results should take into consideration recent results, which indicate that after puromycin treatment of cells, inactive ribosomes remain largely associated with the translocon (Potter and Nicchitta, 2000a; Potter and Nicchitta, 2000b; Seiser and Nicchitta, 2000) . If the ribosomes remain attached to the TCs after termination of protein synthesis, they may cause additional friction. Therefore, the D eff value measured under these circumstances would reflect the friction of the TC with the lipid bilayer and the ribosome with cytosolic proteins. Our electron microscopy observations suggested that the ribosomes indeed remain attached to the ER membrane in puromycin-treated AR42J cells (A.V.N. and G.K., unpublished) .
A large body of evidence supports the notion that microtubules play a role in stabilizing the structure of the ER by interacting with specific sites such as CLIMP-63 (Dabora and Sheetz, 1988; Storrie et al., 1998; Terasaki et al., 1986) . Recent high-resolution (6 nm) tomographical studies on a pancreatic beta cell line have mapped in great detail the spatial relationship of microtubules with respect to membrane-bound organelles (Marsh et al., 2001) . It was found that, especially for the ER, the proximity to microtubules was not random, and it appeared that they had distinct association sites with this membrane system. At these sites the distances were less than 30 nm, whereas in other areas they were considerably larger. In such a model of ER-microtubule interaction one can easily envisage that small membrane proteins and even individual TCs can diffuse rather unhindered, whereas ribosomes interconnected by mRNAs that forming polysomes may become entangled at the microtubule-ER attachment sites, thus reducing substantially their free diffusion in the ER membrane. The restraint in the free lateral movement of polysomes in the plane of the ER membrane may, in fact, allow to generate differentiated rough ER domains that specialize in the synthesis of certain classes of proteins.
Materials and Methods

Antibodies and reagents
COS-1 cells were kindly provided by M. Rindler (New York University Medical Center, New York). Isolation and characterization of M3/18 cells has been reported previously (Nikonov et al., 2002) . All cell cultures were grown in Dulbecco's modified Eagle's medium (DMEM) purchased from Sigma (St Louis, MO), supplemented with 10% of fetal bovine serum and L-glutamine. The anti-␣-tubulin clone DM 1A monoclonal antibody (mAb; catalog number T-9026) was purchased from Sigma. Production of rabbit polyclonal antibody (pAb) directed against human CLIMP-63 was previously described (Vedrenne et al., 2005) . Unless otherwise stated, endonucleases, the rapid ligation kit and other supplies for molecular biology were purchased from Roche, Indianapolis, IN. Pre-stained Precision Plus Protein Standards (Bio-Rad, Hercules, CA) were used as protein molecular mass markers. Wizard PCRPreps DNA purification system was purchased from Promega (Madison, WI). pDsRed-Monomer-N1 and pDsRed-Monomer-C1 cloning vectors, encoding a monomeric mutant derived from the tetrameric red fluorescent protein of Discosoma sp., and pAb directed against this protein were purchased from BD Biosciences, Palo Alto, CA. The plasmid construct encoding LBR-GFP was a gift from J. LippincottSchwartz (NIH, Bethesda, MD) and has been described before (Ellenberg et al., 1997) .
Gel electrophoresis and immunoblotting
SDS-PAGE on 10-20% gradient gels and western blot analysis were performed as previously described (Nikonov et al., 1992) . The BM chemiluminescence western blotting kit (Roche, Indianapolis, IN) was used to develop the blots according to the manufacturer's protocol.
Construction and expression of spastin-related (wtSPG4 and NK#1) DRM-tagged fusion proteins
The cloning of the cDNAs encoding wild-type human spastin, wtSPG4, and its biologically inactive mutant, NK#1, were previously described (Evans et al., 2005) . To make the constructs, the 5Ј-TTTGGTACCATGAATTCTCCGGGTGGACGA-3Ј and 5Ј-AAAGGATCCTTAAACAGTGGTATCTCCAAA-3Ј primers were used to amplify both cDNAs. PCR products were purified and digested by KpnI and BamHI endonucleases. Digested and purified PCR products were cloned into pDsRedMonomer-C1. The recombinant plasmids were named pDRM-wtSPG4 and pDRM-NK#1, respectively.
Construction and expression of CLIMP-63 related DRMtagged fusion proteins
The cloning of cDNA for human CLIMP-63 was previously described (Schweizer et al., 1993a; Schweizer et al., 1993b; Schweizer et al., 1993c) . To make the constructs, the following primers were made: P63U 5Ј-TTTG GTAC CATGC -CCTCGGCCAAACAAAG-3Ј, P63L 5Ј-AAAGGGCCCGGACCTTTTCGTGA A -TCTTCT-3Ј, ⌬LP63L 5Ј-AAAGGGCCCGGTGGTGGACGCAC CAGCCCG-3Ј, P63LS 5Ј-AAAGGGCCCTTAGACCTTTTCGTGAATCTTCT-3Ј, ⌬CP63U 5Ј-TT -TGGTACCGGCAGGGCGCTCAACTTTCTCTT-3Ј, ⌬TLp63L 5Ј-TTTGGGCC -CG CCTGCCGAGCCTGCGCGAGCAGG-3Ј. To generate the p63-DRM construct, P63U and P63L primers were used for PCR amplification of the cDNA encoding CLIMP-63. To construct ⌬Lp63-DRM, the cDNA was amplified using the P63U and ⌬LP63L primers. The P63U and ⌬TLp63L primers were used for PCR amplification of CLIMP-63 cDNA to make the ⌬TLp63-DRM construct. The purified PCR products were subcloned into the pDsRed-Monomer-N1 cloning vector using the Kpn I and Apa I cloning sites. The DRM-⌬Cp63 construct was made by PCR amplification of CLIMP-63 cDNA using the ⌬CP63U and P63LS primers. The PCR product was subcloned into the pDsRed-Monomer-C1 cloning vectors using the KpnI and ApaI cloning sites. The GC-RICH PCR System (Roche, Indianapolis, IN) was used for all PCR amplifications.
Design of anti-CLIMP-63 siRNA
The BHK-21 cell line, originally obtained from Syrian golden hamster (mesocricetus auratus) kidney cells, is the parental cell line for M3/18 cells (Nikonov et al., 2002) . Since there are no nucleotide-sequence data available for hamster CLIMP-63, we have used two approaches in designing the siRNAs. First, we used the BLOCK-iT TM RNAi Designer program available from Invitrogen.com to select RNAi targets from the rat (rattus norvegicus) CLIMP-63 sequence (GenBank accession number XM_343189). To find the highly conserved ones, the resulting RNAi target sequences were blasted against mouse and human CLIMP-63 sequences (GenBank accession numbers NM_175451.1 and NM_006825.2, respectively). The following siRNAs were designed and synthesized using the services of Invitrogen: siRNA#1 5Ј-GCAGAAUGAGAUUCUCAAATT-3Ј and siRNA#2 5Ј-CCAAGUCCAUCAAUGACAATT-3Ј, which correspond to the nucleotide positions of the rat sequences 558-579 and 671-692, respectively. In a second approach, we ordered SiGenome Smart pool reagent from Dharmacon (catalog number M-100698-00), which was designed by the company using the rat CLIMP-63 sequence. This reagent was named siRNA#3.
Transfection of mammalian cells
The Fugene 6 reagent (Gibco BRL, Grand Island, NY) was used to transfect cells according to manufacturer's protocol: 6 l of Fugene6 reagent was added to 94 l DMEM containing 1-2 g of plasmid DNA. The sample was incubated at room temperature for 15 minutes and then added to the cells grown in 35-mm tissue culture dishes containing 2 ml of complete growth medium. Cells were grown overnight at 37°C in 10% CO 2 .
Nucleofection of M3/18 cells and BHK-21 cells
To transfect M3/18 cells with siRNA duplexes, we used the Nucleofector II device (Amaxa Biosystems, Gaithersburg, MD) and its cell line Nucleofector Kit L (catalog number VCA-1005). The nucleofection conditions used were those established for BHK-21 cell line. After trypsinization, the cells were centrifuged at 200 g for 10 minutes. After aspiration of the medium, cells were resuspended in nucleofection solution L (10 6 cells per 100 l of the solution). One-hundred l of the cell suspension were added to 4 l of siRNA stock solution and immediately transferred to the cuvette. In mock-transfection, the addition of siRNA was omitted. The cells were electroporated in the Nucleofector II device using the A-031 program. The electroporated cells were mixed with 1 ml of the complete growth medium and plated onto ordinary or glass-bottom No. 0 35-mm tissue culture dishes (MatTek, Ashland, MA). Cells were allowed to grow for 4 days before subjecting them to FRAP analysis or collecting them for western blot analysis.
Nucleofection of BHK-21 cells with siRNA duplexes was done as described for M3/18 cells. On day 3 after nucleofection, cells were transfected with plasmid DNA encoding LBR-GFP construct. The day after transfection, cells were used in FRAP experiments.
Immunofluorescence and fluorescence microscopy
The laser scanning microscope LSM510 and LSM software 3.1 (Carl Zeiss, Jena, Germany) were both used for immunofluorescence microscopy and FRAP experiments. For immunolabeling COS-1 cells grown on glass coverslips were rinsed in PBS and fixed in 2% of paraformaldehyde (PFA) in PBS for 20 minutes. PFA-fixed cells were incubated in 0.2% Triton X-100 in PBS for 2 minutes. Then, the cells were blocked in 5% skim milk in PBS for 30 minutes and incubated with mouse monoclonal anti-␣-tubulin antibody (clone DM 1A, Sigma) diluted in PBS-buffered milk (1:500) at room temperature for 1 hour. After washing three times in PBS, cells were incubated for 1 hour with rabbit anti-mouse IgG Alexa Fluor-633-conjugated secondary antibody (Molecular Probes) diluted 1:500 in PBS-buffered milk, followed by three washing steps in PBS. Coverslips were mounted using Citifour Mountant Media #0 (Ted Pella, Inc., Redding, CA). For fluorescence microscopy, the M3/18 cells transiently expressing DRM-labeled fusion proteins were fixed and mounted as described above. GFP-tagged Dad1 stably expressed in M3/18 cells or microtubules decorated with the antibodies were visualized using the FITC filter set. The DRMtagged proteins were visualized using a Texas Red filter set. Slides were examined under the microscope using Plan-Apochromat 100ϫ/1.4 N.A. DIC oil-immersed lenses (Carl Zeiss). The images were obtained at scan-zoom 1 with the line averaging set at '4' and the pinhole completely open. The channel representing Alexa Fluor-633 staining was colored green. Collected images were exported into JPEG format, assembled into panels and annotated using Abode Photoshop 7.
Fluorescence recovery after photobleaching
For fluorescence recovery after photobleaching (FRAP) experiments, M3/18 cells were seeded and grown overnight at 39.5°C on glass-bottom No. 0 35-mm tissue culture dishes (MatTek) in complete growth medium. In FRAP experiments studying the effects of the drugs on the lateral mobility of the TCs, M3/18 cells were treated with cycloheximide (CHX, 100 M for 30 minutes), NaCl (150 mM for 10 minutes), latrunculin B (10 M for 2 hours); nocodazole (33 M for 4 hours), puromycin (100 M for 30 minutes) or taxol (5 M for 4 hours) at 39.5°C just before performing the experiments. If two drugs were used, the drug requiring longer incubation was added first. If needed, the cells were transfected with recombinant plasmid DNA encoding DRM-tagged fusion proteins and left to grow overnight at 10% CO 2 and 39.5°C. Since there is no overlap in the excitation and emission spectra of DRM and GFP, the FRAP experiments can be performed on the GFP-tagged proteins in the presence of DRM-tagged fusion proteins. Photobleaching, FRAP data collection and analysis were done as previously described (Nikonov et al., 2002) with one exception -all experiments were done using the environmental chamber with heated stage purchased from Carl Zeiss, Inc. The temperature in the chamber was set to 39.5°C and moist circulating air was supplemented with 10% CO 2 . Images were collected using Neofluar 40ϫ/1.2 N.A. water objective. To collect fluorescence from the entire depth of the cell, the pinhole was wide-opened. All images were collected on an 8-bit PMT (Carl Zeiss, Jena, Germany). No saturated images were used for FRAP analysis. FRAP experiments on BHK-21 cells expressing LBR-GFP were done as described for M3/18 cells.
Statistical analysis of FRAP data
The calculated values of the diffusion coefficients (D eff ) were were listed according to experimental conditions in a Microsoft Office Excel 2003 worksheet. Data were subjected to the two-sample t-test, where variances were assumed unequal and alpha was set to 0.05. The test was performed pair-wise (control versus experimental group), hypothesizing that there is no difference between the two groups analyzed. The calculated means of D eff and probabilities, P(Tр t), are given in the tables. The closer the P(Tрt) values are to 1, the more similar are the two tested groups. Standard deviation (s.d.) was calculated using the build-in function stdev of MS-Excel.
Calculation of the sizes of translocon assemblies
The radii of the TC assemblies were calculated according to Edidin and co-workers (Marguet et al., 1999) . The equation used takes into consideration only friction between transmembrane domains the TC and the lipid bilayer of ER membranes. It does not consider possible interactions with other protein complexes or cytoskeletal elements. D eff for LBR-GFP and the theoretical radius of a single transmembrane domain (TMD) were used in these calculations. The calculated radii were converted into the area values. The number of the TCs that a calculated area potentially holds was established by dividing the value of the area occupied by the TC assemblies by the value of the area occupied by an individual TC.
The area occupied by an individual TC was calculated using the following assumptions: From published data (Johnson and van Waes, 1999; Nilsson et al., 2003) , we estimated that a single translocon complex (TC) has at least 23 subunits containing 78 transmembrane domains (TMD). The mammalian OST was assumed to have six subunits: ribophorin I (67 kDa, 1 TMD, GenBank accession number P04843), ribophorin II (63 kDa, 1 TMD, GenBank accession number P04844), OST48 (48 kDa, 1 TMD, GenBank accession number P39656), Dad1 (10 kDa, 2 TMD, GenBank accession number P61803), STT3A or STT3B (85 kDa, 13 TMD, GenBank accession number Q8TCJ2), and N33 or IAP (34 kDa, 4 TMD, GenBank accession number Q9H0U3). Therefore, the OST should have a molecular mass of at least 307 kDa and 22 TMD. Yeast OST has two additional subunits, OST4p (4 kDa, 1 TMD, GenBank accession number Q99380) and OST5p (9.5 kDa, 2 TMD, GenBank accession number Q92316). However, no mammalian homologs have so far been described and we did not include them in our calculations. In addition to the OST, the TC contains three sets of the Sec61p complex. One Sec61p complex consist of three subunits -␣, ␤ and ␥ (80 kDa and 12 TMD in total), three sets would have a molecular mass of 240 kDa and 36 TMD. Other components of the TC are TRAM (40 kDa, 8 TMD), the ␣ and ␤ subunits of the SRP receptor (100 kDa, 2 TMD in total), two subunits of signal peptidase (100 kDa, 2 TMD in total),
